Blood Flow Measurements and the "Look Through" Artifact in Focal Cerebral Ischemia
• The purpose of this investigation was to evaluate the effects of alterations in Paco, on electroencephalograms (EEG) and on regional cerebral blood flow (CBF) measured by external counting of a gamma emitter after occlusion of the middle cerebral artery (MCA) and to correlate these measurements with known areas of infarction, 1 degree of ischemia, 2 '' metabolic measurements, 4 ' 8 and microcirculatory changes 8 in this laboratory preparation. We sought information that would be applicable to carotid artery surgery, to the management of strokes, and to the resolution of conflicting results from clinical CBF studies.
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Methods
LABORATORY PREPARATION
The model of focal transient cerebral ischemia in this study was a modification of a standard laboratory preparation that we have described in detail previously. squirrel monkeys {Saimiri sciureus; weight range: 600 to 1,200 gm) were anesthetized with sodium pentobarbital (30 mg per kilogram, by intraperitoneal injection), fixed in a headrest, and placed in the supine position. A tracheostomy then was performed. The left external carotid artery was isolated with the aid of the operating microscope, a polyethylene catheter (PE 10) was placed in the artery, and the artery then was ligated distally. Through this catheter, 1M Xe in saline was injected later at selected intervals, the entire bolus being delivered to the internal carotid system without contamination from the scalp or meningeal circulation.
The right femoral artery and vein were isolated, and polyethylene catheters (PE 50) were placed in each vessel. In three groups of five monkeys each, rf-tubocurarine was injected through the venous catheter at selected intervals in order to abolish respiratory function; ventilation was controlled with a Harvard respirator and, by varying the amount of inspired carbon dioxide, Paco, was adjusted as follows: hypocapnia, Paco, = 20 mm Hg; normocapnia on the respirator, Paco, = 40 mm Hg; and hypercapnia, Paco, = 60 mm Hg. Animals in the fourth group breathed spontaneously Pacoj (36 mm Hg).
The left MCA was isolated through a modified intraorbital approach with the aid of the operating microscope."-" With this approach, both the middle meningeal and ophthalmic arteries were coagulated; this maneuver further isolated the internal carotid system from the external carotid system and ensured a pure measurement of CBF after the injection of 1M Xe. The craniectomy was limited to a small area dorsal and lateral to the optic nerve so that there was no retraction of brain. The dura was opened immediately over the MCA. After baseline measurements of CBF had been made, the MCA was occluded with a miniature Mayfield clip for two hours, during which time CBF measurements were continued. After the two hours of occlusion, the clip was removed and CBF measurements were continued for another one and one-fourth hours.
MIASUREMENTS Vital Signs
Arterial blood pressure was measured with a strain-gauge transducer in the femoral artery catheter. Core body temperatures were monitored with a rectal thermometer and were kept normal by use of small heating blankets. Arterial blood samples were taken for measurements of Pao,, Pace, and pH.
Cerebral Blood Flow
For each clearance curve, l u X e (100 to 200 ^C i in 0.1 ml of saline) was injected rapidly so that the bolus was delivered •entirely to the internal carotid system. The single scintillation detector used was a thallium-activated sodium iodide crystal (diameter, 18.8 mm; thickness, 4 mm) recessed 2.5 cm behind a tapered lead collimator, the opening of which widened from 9.3 mm to 18.8 mm at the surface of the crystal. The isoresponse curve for this detector has been published previously.' The detector was placed perpendicular to the frontotemporal region of the scalp directly over the sylvian fissure, which is in the area of known maximal ischemia in this preparation. 1 The techniques of recording and the methods of analysis, standardized for this laboratory, have been described in a previous r e p o r t " that also included a discussion of the mathematical formulas. Each curve was analyzed by three techniques: initial slope, kinetic analysis ( H / A ) , and exponential analysis. We prefer the kinetic analysis, in which a partition coefficient, X, of 1.15 reflects an average value for gray and white matter. The equation is C B F ( H / A ) (ml/100 gm per minute) = 1.15 X Ho-X 100.
Blood values were expressed in milliliters per 100 gm and were extrapolated to facilitate comparison with C B F values in humans.
Electroencephalography
A four-channel EEG was recorded by means of a Grass Model 78 machine (low linear frequency, 0.3 Hz; high linear frequency, 60 Hz). Six scalp needle electrodes were placed bilaterally over the frontal, central, and occipital regions. The frontal-central and central-occipital bipolar derivations were recorded from each hemisphere.
Results
RELIABILITY OF PREPARATIONS
Blood loss in these animals never exceeded 3 ml, vital signs were consistently stable throughout the procedure, and transfusions were never necessary. Tables 1 through 4 figure 1 . figure 1 and in text.
CEREBRAL BLOOD FLOW
(frequency, 1 to 5 Hz; amplitude, 100 to 250 *iV); the second pattern consisted of faster rhythmic waves (frequency, 10 to 16 Hz; amplitude, 40 to 150 fi\).
After exposure of the MCA but before clamping, the EEGs were symmetric. After occlusion of the MCA, both basic patterns were variably depressed ipsilaterally. When the changes were mild, only the amplitude was decreased; when the changes were more severe, both the amplitude and the amount of normal activity were decreased and low-voltage, irregular, slow-wave activity appeared. After restoration of blood flow, electrical activity in the previously ischemic hemisphere definitely recovered but, within the time limits of this study, the recovery was never complete.
All animals in each group showed some changes after MCA occlusion. In general, the severity of change was similar in all groups; there were no significant differences related to the P a c e A typical EEG with moderate changes is illustrated in figure 3 . This is representative of the hypocapnic group as a whole and is typical for the extent of the measured decrease of CBF in these preparations. There were occasional exceptions, however; in particular, one animal showed minor EEG alterations with no measured decrease in blood flow after occlusion.
Discussion
ANALYSIS OF BLOOD FLOW DATA
The three techniques of analysis that are generally used (kinetic analysis, initial slope analysis, and exponential analysis) have often been compared. Comparisons of relative flow values in gray and white matter are difficult when regional perfusion has been altered significantly. Analysis of the initial slope produces a rapid estimation of CBF that is particularly useful in the operating room during endarterectomy; it was included in this study for correlation with the kinetic analysis, the technique that we have found to give the most reliable and reproducible results. As Waltz and associates 18 and Oleson and associates 14 have shown, compartmental analysis in this particular setting probably does not reflect flow values for gray matter and white matter; rather it reflects values for regions in which the indicator is cleared relatively rapidly or slowly and which probably cannot be considered as anatomical com- 
CBF-PoCO, RESPONSE CURVE
The effect of alterations in Paco, on CBF in squirrel monkeys under barbiturate anesthesia has not been reported previously. The shape of the CBF-Paco, curve corresponds very closely to that found by Michenfelder and Theye 15 in studies in dogs anesthetized with Innovar (fentanyl and droperidol). These authors also demonstrated a vastly different response curve with halothane anesthesia. It is not surprising that the barbiturate CBF-Paco, response curve resembles that for Innovar because the effects of both drugs on intracranial pressure are similar.
The use of an anesthetic given parenterally, common in laboratory investigations in small animals, raises problems related to the variation in depth of anesthesia, a variable not encountered when using gaseous anesthetics in studies of humans or large animals. We have noted a variation in resting CBF values that suggests more than mere biological variation. The animals in which anesthesia appeared to be deeper, as judged by slower and more shallow respirations, tended to have a lower CBF that increased after institution of controlled ventilation. The reasons for these are not clear to us. This effect cannot be ignored when comparing the CBF at Paco, of 20 mm Hg in curarized animals studied under controlled ventilation to the CBF at Paco, at 35 mm Hg in animals breathing spontaneously. In this regard, however, it should be acknowledged that the investigation was terminated in any animal that seemed to be deeply anesthetized (that is, showing hypotension, shallow and slow respirations, and total body flaccidity) prior to being placed on the ventilator. The inclusion of animals breathing spontaneously with those in which respiration was controlled may have produced the dip in the response curve.
"LOOK THROUGH" ARTIFACT A N D COMPTON'S SCATTER
Although clinical and laboratory investigations using 133 Xe have given good correspondence and documentation for variations in regional CBF in normal brain in response to alterations in Paco,, 1618 there is considerable conflict in the data relating to the severity of decrease in 7 "
9 and influence of altered Paco a on CBF 7 -8 -10 in areas of focal cerebral infarction. It has been reported from this laboratory 3 (and recognized previously by pioneers in this field 8 ' 19 ) that these discrepancies were most likely due to the lack of spatial resolution inherent in techniques dependent on a gamma emitter. The problems of "look through" and Compton's scatter have been discussed in considerable detail. 3 The magnitude and source of the artifact, produced from a combination of these phenomena with use of 133 Xe, in this laboratory preparation have been documented. However, it is appropriate to review them briefly here.
When measurements of CBF with 85 Kr and 133 Xe were compared, the changes in CBF in response to changes in Paco, prior to occlusion of the MCA and "luxury perfusion" were similar. However, during ischemia, when the relative amount of indicator delivered to the area directly under the probe was markedly decreased, the 85 Kr studies showed a 67% decrease in flow compared to 27% with 133 Xe.
3 The significant artifact arose in the 133 Xe group from lack of spatial resolution. The true decrease of flow in a focal area of ischemia can only be determined if the concentration of indicator in the region to be measured is equal to that in the underlying and adjacent areas. When CBF measurements are performed during carotid endarterectomy, the indicator is delivered to the brain prior to carotid artery occlusion, and the relative decrease of flow is accurate unless there has been an intracranial occlusion to prevent the indicator from arriving in the area to be measured. 20 However, with an intracranial occlusion, as from an embolus, prior to the injection of 133 Xe, a representative amount of indicator may not arrive in the area of focal ischemia, and those counts arriving under the probe that originate from deeper or adjacent tissue contribute to the clearance curve measured by the probe.
Use of multiple small probes may partly decrease this artifact, and the probes may be collimated so that they are recording from a relatively small volume of tissue.
9 ' 10 -2l Collimation may narrow the theoretical cone of tissue within the field of view of the detector, but depth resolution remains a function of the linear absorption coefficient for the gamma photon of 133 Xe.
There also are problems related to Compton's scatter 21 ' 22 and, depending on the characteristics of the scintillation detectors and the photopeaks measured, between 35% and 55% of the total activity detected by a probe may not come from tissue within the truncated cone underlying the probe. 21 ' 23 Compton's scatter involves the interaction between an incident photon and an orbital electron such that only a part of the energy of the photon is imparted to the electron. The photon emerges from the interaction with a new direction and decreased energy. In effect, this increases the volume of tissue from which gamma photons are counted and introduces a considerable error in determining the volume and severity of focal ischemia. This artifact is particularly troublesome in regions in which very little indicator arrives in the theoretical area for measurement.
CRITICAL CBF
As will be discussed below, it has been demonstrated that the "critical CBF," defined as that flow required to sustain a normal EEG and therefore presumably physiological function of neural tissue, is 18 ml/100 gm per minute. 20 It is unlikely that the brain can
BLOOD FLOW MEASUREMENTS
tolerate this marginal flow for long periods, but, unquestionably, flow less than this will produce cerebral infarction. 3 - 24 Analysis of various CBF studies using gamma emitters in patients with known cerebral infarction reveals few documented cases in which recorded CBF was less than this critical CBF. 7 9 1 9 '
2 5 -2 6
Therefore, it is likely that the problems of "look through" and Compton's scatter have materially contaminated the area of theoretical measurement. In a patient with acute occlusion of the MCA from a cardiac source prior to intracranial embolectomy, we have documented a normal CBF at the time when the angiogram demonstrated only slow filling of the MCA complex through collateral sources and the patient was totally hemiplegic. 20 One of the most accurate laboratory techniques available for the true identification of focal decreases in flow in regions of ischemia is the autoradiographical method of flow analysis. Blair and Waltz 24 found a profound variability of flow within discrete regions in and adjacent to the area of ischemia in the same laboratory preparation we used for this investigation. These variations ranged from 3 ml/100 gm per minute in the core area of infarction to more than 100 ml/100 gm per minute in the marginal zones of ischemia. It seems unlikely that current techniques of external counting can accurately detect these patterns of inhomogeneous flow.
"STEAL" A N D "REVERSE STEAL"
It is improbable that the concepts of "steal" and "reverse steal" will be validated or invalidated by CBF measurements with 133 Xe. It is known from laboratory studies with 85 Kr that during the period of MCA occlusion there is loss of autoregulation and the Paco, response curve is abnormal in this experimental preparation. 3 However, analysis of the curves in this investigation suggests a beneficial effect from hypercapnia and a relative increase in CBF in the area of ischemia, although we know that this does not occur. Admittedly, in the laboratory we are faced with the unfavorable situation of a relatively large probe and a small brain whereas clinically a number of small probes can be used in conjunction with a large brain. Nevertheless, even in the latter setting, the origin of the counts can never be definitely ascertained if there has been an impairment in the delivery of the indicator to the region to be measured. The variability of results from reliable investigators using elaborate techniques underscores the magnitude of the problem.
In order to circumvent the problems of the lack of spatial resolution inherent in techniques depending on a gamma emitter, Symon et al. 27 used the hydrogen clearance technique for the measurement of focal cerebral ischemia in baboons. The critical level of flow found in the core area of ischemia in these studies was quite comparable to those indicated above. In their experimental animal, the phenomenon of "steal" was verified and they postulated, as did Waltz, 28 that the "steal" phenomenon, or paradoxic response, was characteristic of fairly dense ischemic areas and concluded that vasodilator therapy was inadvisable in the acute phase of stroke. The careful work by Kogure et al. 29 using a thermistor probe technique indicated an increased flow in ischemic regions and a shrinkage of the area of ischemia with hypercapnia. They did not observe a paradoxic response or "steal." Yamamoto et al. 10 used fluorescein angiography to supplement 133 Xe CBF measurements and found an apparent beneficial effect from carbon dioxide inhalation. Meyer et al. 30 likewise concluded from their investigations that a beneficial effect was possible from the use of hypercapnia.
The major clinical evaluation of the effect of carbon dioxide inhalation on cerebral infarction was reported by Millikan. 31 No clearly beneficial effect was noted in the treated group of patients.
EEG AND METABOLIC ALTERATIONS WITH VARIATIONS IN PoCO,
There were no major EEG differences among the four groups of animals, which indicates comparable states of relative ischemia in all groups. Our previous metabolic studies 32 with this preparation have demonstrated a definitely deleterious effect from a decreased Paco, and no significantly beneficial effect from an increased Paco,. It is possible that an increased Paco, with subsequent tissue acidosis increases the requirements for blood flow. Siesjo and associates 33 have suggested that the critical blood flow level is greater at an increased Paco, than it is at a lower Paco, and therefore increasing the Paco, affords little or no protection.
CLINICAL CORRELATIONS IN CAROTID ENDARTERECTOMY
Measurements of CBF during carotid occlusion induced for carotid endarterectomy, with simultaneous EEG recording, have indicated a close correlation of the EEG with decrease of CBF to critical levels of perfusion. 20 ' 34 ' 35 In patients anesthetized with halothane and in whom the Paco, is normal, the EEG seldom changes unless CBF becomes less than 18 ml/100 gm per minute. The EEG changes indicating ischemia observed during carotid endarterectomy are similar to but more dramatic than the changes reported in this investigation and have always been reversible with placement of a shunt. These changes also are comparable to electrocorticographical changes that were correlated previously with tissue ATP and lactate levels. 5 CBF measurements performed during carotid endarterectomy are free of the "look through" artifact because the indicator is delivered to the area predestined for ischemia and then the vessel is occluded after the identification of counts. The washout curve therefore is a true reflection of ischemic flow and collateral circulation. This was not the case in the present laboratory investigation because I33 Xe was injected into the internal carotid artery after Stroke, Vol. 6, March-April 1975 
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MCA occlusion, and multiple injections were completed during a relatively long period of occlusion. It is not possible, therefore, to make direct comparisons of the CBF values in the two situations without considering the findings from our previous studies 3 with 85 Kr, discussed above.
In the clinical setting and using similar techniques, Boysen and associates 3536 found a greater proportionate decrease in CBF in patients with increased Paco 2 prior to occlusion than in patients with a normal Paco, prior to occlusion. This greater decrease was to be expected in that maximal vasodilatation was present in the hypercapnic group. After carotid occlusion and a decrease in perfusion pressure in these patients, no further compensatory mechanisms were available to decrease vascular resistances.
We have not considered other side effects resulting from changes in Paco* at operation. These include cardiac irregularities under halothane anesthesia with an increased Paco,, hypotension after withdrawal of carbon dioxide (after hypertensive levels have been produced during hypercapnia), and changes in acid-base balance.
Conclusions
It is difficult to translate results of this laboratory investigation of acute stroke to the clinical management of chronic stroke. However, it appears from this investigation, from related data from other work in this laboratory preparation, and from results of various clinical studies that the following conclusions are justified.
1. CBF measurements by the 133 Xe method performed during carotid endarterectomy accurately identify regions of focal ischemia and are free of "look through," unless an embolic complication has occurred.
2. The true degree of focal ischemia in other types of clinical studies using 133 Xe is not often reflected because of "look through" and Compton's scatter.
3. Caution is necessary in the comparison of various investigations related to "steal" and "reverse steal" because of "look through" and Compton's scatter.
4. There are insufficient data at present to suggest that manipulation of the Paco, will be beneficial in the management of ischemic stroke.
